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Abstract
Increasing human activities cause local to global changes in sea surface temperatures, ocean acidity, eutro-
phication, and rising sea levels. Many laboratory experiments investigate the effects of these regime shifts on
single species and single stressors, showing variable responses within and among species, while different com-
binations of stressors can have synergistic, additive or antagonistic effects. Large-scale multi-species and
multi-stressor experiments can more reliably predict future ecosystem changes. A unique mesocosm facility
was developed and set up at the AWI Wadden Sea Station – Sylt, Northern Germany to investigate the partic-
ular effects of future climate changes on predominant marine intertidal communities. Each of 12 benthic
mesocosms serves as an independent experimental unit with novel techniques of tide and current simula-
tions as well as multi parameter measurement systems to simulate multi-factorial climate change scenarios
including the combination of warming, acidification, nutrient enrichment, and sea level rise. Temperature,
pH, oxygen, and salinity can be continuously monitored and logged, while discretely collected samples of
total alkalinity, light availability, chlorophyll a (Chl a), nutrients and seston supplement these online data-
sets. Herein we demonstrate the functionality of the new benthic mesocosm system including first experi-
mental results on the responses of Fucus vesiculosus forma mytili, and its associated community to the
combination of warming, ocean acidification, and increased nutrient enrichment.
Due to increasing human activities, especially by burning
fossil fuels, our climate is changing at an accelerating rate,
leading to a global impact on the abiotic and biotic compo-
nents of the marine ecosystem (Field 2014). To direct politi-
cal decisions and actions on a local as well as global scale,
one of the most important aims of research is to reliably pre-
dict future ecosystem changes and its implications (Derous
et al. 2007). Trustworthy information is, however, not only
very urgently needed but also very challenging to obtain due
to complex interactions within and between the closely
related abiotic and biotic components of a system (Wahl
et al. 2011).
Many investigations have been undertaken in the field of
climate change research, however most of these experiments
were run in laboratory settings, mainly with single species
and single components of climate change, i.e., single stres-
sors (Harley et al. 2006; Walther 2010; Wernberg et al.
2012). Their often restricted realism makes extrapolation to
the natural situation problematic (Stewart et al. 2013). While
field observations (Kowalski et al. 2009; Winde et al. 2014)
or field experiments (Campbell and Fourqurean 2011) can
reveal important information in a more realistic way and
with a higher bio-complexity on the community level, they
are more an observational point of view where directed and
precise manipulation of the system is difficult. They tend to
be impractical for experimental handling, less controllable
and have a low potential to reliably predict future conse-
quences. This unavoidably generates a trade-off between
space, time and the complexity in the different experimental
approaches. Mesocosms have the potential to close the gap
between these two approaches and are recommended as an
effective tool for more reliable, near natural climate change
experiments at the community level (Stewart et al. 2013).
Mesocosms are large enough to enclose a particular pro-
portion of a natural community with the ability to investi-
gate biotic interactions and biogeochemical processes under
controlled experimental conditions with the advantage of
true replication. Moreover, they allow an interdisciplinary
way of addressing research questions, bringing together dif-
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physiology, biogeochemistry or molecular biology. Only few
constraints reveal in mesocosm experiments. Confounding
factors such as lower light availability, wall effects, limited
space as well as the exclusion of higher trophic levels likely
influencing trophic interactions (Mine Berg et al. 1999;
Petersen and Berg 2009). Another important constraint in
many available mesocosm facilities to date is the lack of tidal
and current simulations, with possible non-natural implica-
tions for tidal communities such as extended periods of sub-
mersion, reduced water mixing and constant grazing
pressure. Despite these few constraints, mesocosms remain a
valuable tool for climate change experiments at the commu-
nity level and can contribute important information that
cannot be provided by any other approach (Hendriks et al.
2010; Yvon-Durocher and Allen 2012; Wahl et al. 2015).
Considering the great potential of benthic mesocosm facili-
ties within the field of climate change research, very few
facilities exist and even fewer are equipped with continuous
monitoring systems.
Here, we demonstrate the setup and functioning of the
newly developed benthic mesocosm facility at the AWI Wad-
den Sea Station Sylt, Germany, with a novel integrated tidal
and current simulation system and a multi parameter mea-
surement system (MPMS). We present all single hardware
compartments, possible manipulation of the different physi-
cal parameters as well as physico-chemical data obtained
during the first experiments ran in 2013 and 2014. With its
new developments this facility has a great potential to inves-
tigate the effects of multiple stress scenarios at the commu-
nity level within a near natural setting to predict more
reliably future consequences of climate.
Materials and methods
General set up
The mesocosm facility was set up in August 2013 outdoors
on solid ground next to the AWI Wadden Sea Station on the
Island of Sylt (55801019.200N, 8826017.700E; Fig. 1). It consists of
12 round tanks, made of UV stabilized high-density polyethyl-
ene (HDPE; Spranger Kunstoffe, Plauen, Germany). Each of 12
tanks serves as independent experimental unit. Hull and bot-
tom of each tank has a double wall construction, insulated
with 10 cm of Styrofoam to increase energy efficiency and to
be independent from exterior air temperature fluctuations.
Each tank has an inner diameter of 170 cm and is 85 cm high,
with a net water volume of 1800 L.
The outdoor facility is constantly exposed to ambient
light conditions. To avoid an introduction of unwanted
material such as air-transported dune sand or bird faeces,
and to maintain a constant atmospheric O2 and CO2 pres-
sure in the headspace, each mesocosm is covered with a
translucent lid (Fig. 2), allowing 90% of the photosyntheti-
cally active radiation (PAR) to penetrate (LI-250, LI192-SA
Quantum Sensor, LI-COR, Lincoln, Nebraska, U.S.A.). The lid
is constructed of HDPE and translucent double wall polycar-
bonate with a slope of 22% to avoid accumulation of con-
densate, rain and dirt.
All tanks are supplied with non-filtered seawater from the
AWI Wadden Sea Station facilities (Fig. 3). Seawater is
pumped from 50 m offshore via a storage tank in four subse-
quent 1000 L tanks, which are located in the second floor of
the institute. From here the seawater falls by gravity to the
mesocosm facility. The residence time in the storage tanks is
around 5 h and result in reduced sediment loads, preventing
an undesired accumulation of sediment in the experimental
tanks. The Sylt mesocosms can be run as closed or open sys-
tems with an adjustable flow through volume of 1–3000 L
per day. The wastewater is directed back into the sea. Water
samples can be obtained through the sampling outlet in the
tank wall of each tank at around 40 cm depth (Fig. 2).
Manipulation and monitoring of environmental parame-
ters is computer controlled. Information technology (IT)
facilities are installed in a container next to the mesocosms.
A multi parameter measurement system (Fig. 4a–c) continu-
ously monitors temperature, conductivity, pH and dissolved
oxygen. For service works in the tanks during an experiment,
Fig. 1. Overview of the Sylt benthic mesocosm facility, showing the 12
tanks during the Summer-2014 experiment. Fig. 2. Schematic of a single mesocosm unit with its components.
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all electric loads with 220 V can be switched off for each pair
of tanks, separately. One of the main components, the tidal
simulation system, simulates changing water level and
changing current direction simultaneously in each tank (Fig.
5). A CO2-mixing facility, heaters and coolers, as well as the
tidal simulation system allow the simulation of diverse cli-
mate scenarios.
The system is reliably operated in all but the harsh winter
months due to the possibility of damages from severe tem-
peratures (< 258C). In some parts of the system the water is
not continuously flowing as the chance of freezing may neg-
atively affect or even damage the system.
Tidal simulation system
The computer-controlled tidal simulation system (Fig. 5)
consists of two parts, the first simulating changing water lev-
els and the second changing the current situation during
changes from high to low tide and vice versa. The tidal
rhythm can be set as sinus or straight function.
To simulate changing water levels, a 1 m2 grating platform
(glass-fibre reinforced plastic, GRP), on which the organisms
can be planted, is lifted up and down in the water column,
with a constant volume of water in the tanks (Fig. 2). A wire
cable and a 220 V engine (Spranger Kunststoffe, Plauen, Ger-
many), attached to a massive steel frame, are constructed to
lift the platform with weights up to 250 kg (Fig. 2), allowing
work with sediments, stones or other heavy substrates. A guide
rail stabilizes the up and down movements of the platform
(Fig. 2). The maximum tide range can be set from 0 cm (low
tide, no water) to 70 cm (high tide) and the platform is moved
stepwise (e.g., for a 6 h tidal period from 0 cm to 60 cm: 1 cm
every 6 min). Amplitude, time and type of tide can be regu-
lated with the software without additional mechanical adjust-
ments. Emergency stop buttons are installed between each
pair of mesocosms and stop the tide simulation engine imme-
diately in case of problems.
The naturally occurring tidal currents are simulated with
the second part of the tidal simulation system. To produce a
streaming, which is evenly distributed over the whole water
body, two streaming pipe systems are opposing each other
in the tanks (Fig. 5). Each system consists of a 60 3 110 cm
pipe grid of six horizontal and two vertical PVC-U pipes
Fig. 3. Schematic overview of one of the six mesocosm tank pairs with their components and connections.
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(20 mm diameter; Georg Fischer Piping Systems, Schaffhau-
sen, Switzerland). Screw connections in the middle of each
pipe allow easy cleaning of the system. Through a total
number of 125 holes (4 mm diameter) in the grid, a directed
and evenly distributed stream of water (Eco Runner 12000,
Aqua medic, Bissendorf, Germany; pumping capacity of
12,000 L per hour) is produced for every vertical position of
the grating platform in the water column. To achieve this,
the pump is connected to the lowest pipe of the streaming
pipe systems where the highest ambient water pressure is
present. At the bottom of the tank the high pressure of the
pump compensates the high ambient water pressure, while
near the surface the pressure of the pump, as well as the
ambient water pressure is reduced. This creates almost the
Fig. 4. Foto (a) and diagram (b) of the multi parameter measurement system and (c) an illustration of the alternating pathways for water while
parameters of one of the tanks are measured.
Fig. 5. One of two streaming pipe systems, which are installed oppo-
site to each other in each mesocosm.
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same current velocity by each single pipe. The current veloc-
ity produced is around 10 cm/s, measured in the middle of
the tank without any biota (Flo Mate 2000, Hach/Marsh Mc
Birney, Loveland, U.S.A.). Direction of the current changes
with tides and the round shape of the tanks ensure that
reflected water runs back along the walls of the tank without
interfering with the investigated communities.
Multi parameter measurement
Each two tanks share one Multi Parameter Measurement
System (MPMS; Fig. 4a,b). The system consists of a Hydrolab
DS5X Probe (OTT Messtechnik GmbH, Kempten Germany),
which continuously measures temperature, conductivity, pH
and dissolved oxygen. Water is pumped (Eco runner 2700,
Aqua Medic, Bissendorf, Germany) from either tank 1 or 2
through the measurement chamber of the Hydrolab DS5X
back into the tank. The water gently passes by the sensors in
the measurement chamber and a value for each parameter is
logged every minute. Electric ball valves and magnetic valves
enable the switch between tank 1 and 2 (Fig. 4c). To avoid a
mixing of the water between the two tanks and to avoid a
fast growing biofilm affecting the sensors, the system is com-
pletely emptied and flushed with fresh water between each
switching interval, with the use of magnetic valves. Time
intervals for measurements in each experimental tank can be
adjusted to ensure sensors have stabilized and provide reli-
able values (30 min proved to be optimal for our needs). Ver-
ification of drifting or sensors degradation is done by
additional manual measurements (pH - pH330i SenTIX81,
WTW, Weilheim, Germany; oxygen - Knick Portamess 911
Cond, Berlin, Germany). In case of significant deviations,
the sensors are calibrated or replaced and the measured val-
ues of the MPMS are corrected by the manual measurements
of the hand-held sensors.
In addition, to the parameters logged by the MPMS, sam-
ples of total alkalinity (TA), nutrients, Chl a, seston and
trace elements (iron, molybdenum, and silicate) were per-
formed regularly using the sampling outlets in the wall of
the mesocosms.
Software
The software (Labview based, 4H-Jena engineering, Jena,
Germany) controls and regulates temperature, tides, cur-
rents, energy supply and the MPMS. All logged data from
the MPMS are saved automatically as text files and can easily
be plotted for a quick check of the measured parameter. Fur-
thermore, a failure notification is integrated, which auto-
matically sends out personalized e-mails in case of system
malfunction or if logged parameter deviate from the set
thresholds. The system can also be set to different operation
modes: SIMULATION mode simulates an experimental run
with the predetermined settings of temperature or pH;
PLANT mode sets all platforms to the highest position and
allows easy access for planting and handling the material on
the platforms; SERVICE mode allows for calibration of the
MPMS probes; EXPERT mode gives access to more advanced
functions and settings, e.g., manual control of the MPMS,
temperature or tidal system.
Temperature and pCO2 adjustment
Each tank is equipped with an external cooling unit
(Titan 2000 or Titan 4000 Aqua Medic, Bissendorf, Germany)
connected via a pump (Eco Runner 2700, Aqua Medic, Bis-
sendorf, Germany). Water runs continuously through the
chiller (Eco Runner 2700, Aqua Medic, Bissendorf, Ger-
many), while cooling is automatically switched on or off.
Three heaters (Titanium heater 500 W, Aqua Medic, Bissen-
dorf, Germany) are installed directly in each tank. The soft-
ware regulates cooling devices and heaters to achieve the
desired temperatures in each tank. Due to the fact that two
tanks share one measuring system, it is not possible to simul-
taneously obtain continuous temperature values in both of
these tanks. While the temperature in tank 1 is measured
tank 2 is uncoupled from the continuous temperature meas-
urements. By integrating water amount, heat capacity, heat
output and difference between measured and desired tem-
perature, the software calculates and regulates the necessary
heat amount for the uncoupled period.
To manipulate pCO2 in seawater, each mesocosm is con-
tinuously and directly aerated with pre-mixed gas, provided
by a central CO2-mixing facility from the institute (GMZ
750, HTK, Hamburg, Germany). Pure CO2 is mixed with
compressed air to the required pCO2 value. A 60 cm air cur-
tain, installed behind each streaming pipe system, aerates
the water body continuously with 800 L per hour, controlled
with an upstream flow meter (qflow 140, V€ogtlin Instru-
ments AG-flow technology, Aesch Bl, Swiss). Direct aerating
facilitates the dissolution of CO2 in seawater allowing a flow
through of large amounts of ambient (CO2 poor) seawater
from the facility. A 500-lm, horizontal suspended mesh (Fig.
5) traps air bubbles that accumulate at the water surface
between the streaming pipe system and the tank wall, to
avoid an influence on the experimental system. The installed
mesh did not affect the light availability in the tanks. The
lid ensures similar atmospheric and seawater pCO2 concen-
trations and reduces the amount of CO2 required for the
experiments. The CO2-mixing facility is checked and cali-
brated every year.
2013–2014 assessments
The Sylt mesocosms were in operation from October 2013
to December 2014 during four experimental investigations
simulating different seasons and different combinations of
environmental stressors (Table 1). Each incubated commu-
nity consisted of the dominant components of a local Wad-
den Sea community; the brown alga Fucus vesiculosus f.
mytili, the pacific oyster Crassostrea gigas, the blue mussel
Mytilus edulis, the periwinkles Littorina littorea and Littorina
mariae, and amphipods of the genus Gammarus spp. Algae
were bind with wire to the frame, mussels were kept in small
Pansch et al. Marine benthic mesocosm facility sylt
5
baskets on the frame and the rest was free in the tanks. Nat-
ural biomass in the field differed between seasons and was
adjusted in the mesocosms to mimic the natural population
density for the experiments. Within each experiment, the
biomass for all species was consistent among the 12 experi-
mental units. The flow through of seawater from the Wad-
den Sea allowed additional recruitment and settlement of
different organism groups such as barnacles, mussels, tuni-
cates, worms, and algae.
In the Autumn-2013 and Spring-2014 experiments, we
applied fully crossed experimental designs with both factors,
temperature and pCO2. To mimic the actual field tempera-
tures, the software calculates a daily and yearly temperature
sinus function based on the input of daily and yearly maxi-
mum and minimum temperatures (LabVIEW 2013, National
Instruments Germany GmbH, M€unchen, Germany). The
input values of daily temperatures were adjusted at least
once a week to actual values measured in the field. Thus,
ambient temperatures followed seasonal patterns and warm-
ing was achieved by adding a delta value of 58C to the ambi-
ent temperatures. This led to the following four treatment
combinations: (1) ambient, to mimic today’s situation, (2)
warm, (ambient temperature 158C) as expected for 2100
according to the RCP8.5 temperature scenario of the fifth
IPCC report (Field 2014), (3) acid (ambient temperature and
1000 ppm pCO2) expected for 2100 according to the RCP8.5
scenario of the fifth IPCC report and (4) warm1 acid (ambi-
ent temperature 158C and 1000 ppm pCO2), the combina-
tion of increased temperatures and acidification to represent
the most realistic future scenario (Field 2014). Each treat-
ment combination was replicated three times.
In the Summer- and Autumn-2014 experiments, we
applied partly crossed designs where the factors temperature,
acidification, and nutrients were combined in the following
four treatment combinations: (1) ambient (ambient tempera-
ture, pCO2 and nutrients), (2) nutrients (ambient tempera-
ture and pCO2 but doubled concentration of the last 7 yr




3 , Si), (3) warm1
acid (158C, 1000 ppm pCO2 but ambient nutrients), and (4)
warm1acid1nutrients (158C, 1000 ppm pCO2 and doubled
nutrients).
Between experiments, all tanks, pipes and hoses were
emptied and thoroughly cleaned. Cleaning was done with a
high pressure cleaner to remove as much biota as possible,
to reduce possible undesired interactions before starting the
next experiment. Settled barnacles and tunicates were
detached by hand. Except for the Summer-2014 experiment,
with very high temperatures (> 288C) and the addition of
nutrients, we did not have many problems with fouling.
During the 2014 experiments, we conducted 24-h sam-
pling campaigns at the end of each experiment to follow the
diurnal, physico-chemical fluctuations in the mesocosms
with changing conditions of light, temperature, and biologi-
cal activity. Temperature, pH, and salinity were measured
and additional samples were taken every other hour from all
treatments to determine TA, dissolved inorganic carbon
(DIC), nutrients, metals, and trace elements.
TA samples were filled bubble-free in 250 mL Winkler bot-
tles and measured immediately after sampling with a titra-
tion unit combined with a sample changer (Titroline Alpha
Plus, SI Analytics, Mainz, Germany). TA measurements were
corrected using certified seawater standards (Dickson, Scripps
Institution of Oceanography, San Diego, U.S.A.; Dickson
et al. 2003). Chl a was measured weekly with a bbe AlgaeLa-
bAnalyser (bbe Moldaenke, Schwentinental, Germany).
Nutrient samples were filtered through 0.45 lm Minisart
syringe filter (Sartorius SFCA, Sartorius, G€ottingen, Ger-
many); samples were stored at 2208C until measurements
were performed using a QuAAtro nutrient analyzer (SEAL
Analytical GmbH, Norderstedt, Germany; Winde et al.
2014). Accuracy and precision of the nutrient analyses were
checked by replicate analyses of standard solution (Winde
et al. 2014).
During the Summer-2014 experiment, the system was acci-
dentally shut down due to a lightning strike next to the facil-
ity. The resulting overvoltage damaged the interface module,
connecting pc and mesocosms. Since the temperature regula-
tion and tidal simulation were no longer working, external
temperature computers (T-Computer, Aqua Medic, Bissendorf,
Germany) were installed on every tank the next morning. The
CO2 mixing facility and water supply work independently
from the control system and were not affected by the light-
ning. An additional lightning protection module was installed
with the replacement of the interface module.
This work focuses on the introduction of this new meso-
cosms facility and the essential abiotic and biotic parameters
measured during the experiments to demonstrate the func-
tionality of the system. All other data obtained on the
Table 1. Periods of investigations of the four experiments in 2013 and 2014.
Season Time Duration (weeks) Treatment
Autumn-2013 29 Oct 2013–10 Dec 2013 7 Acidification1warming
Spring-2014 10 Apr 2014–25 Jun 2014 11 Acidification1warming
Summer-2014 17 Jul 2014–24 Sep 2014 10 Acidification1warming1nutrients
Autumn-2014 16 Oct 2014–17 Dec 2014 8 Acidification1warming1nutrients
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community changes under the different climate change sce-
narios will be presented in detail elsewhere.
Results and discussion
Chlorophyll a
Chl a values in the mesocosms during the Spring-2014
experiment (Fig. 6) show the occurrence of the natural algal
spring bloom equally in all tanks (peak at the 8th of May),
however, with reduced amplitudes compared with field
measurements. The maximum concentrations of Chl a meas-
ured were 15.6 lg L21 and 36.1 lg L21 in the mesocosms
and in the field, respectively. Chl a decreased after the spring
bloom and varied around 2 lg L21 in all mesocosms until
the end of the experiment. A second spring bloom occurred
in the field in end of May 2014 (Chl a of up to 7.05 lg L21;
Fig. 6) but could not be detected in the incoming water, as
well as in the mesocosms. The lower amplitude of the first
spring bloom and the absence of the second spring bloom in
the mesocosms are likely due to water transport and storage
before it is delivered to the mesocosms. Another possible
explanation could be the intake of seawater. While field sam-
ples of Chl a were taken at the surface, the seawater inlet for
the supply to the mesocosms is placed at 2–4 m depths,
depending on the tide. Biological activity in the filed is,
however, mainly concentrated in the surface layers, as is the
Chl a concentration (Ryther 1956). However, lots of plank-
tonic species as well as settled barnacles and tunicates, were
found during the experiments, suggesting that enough food
for the filter feeders was available. In all experiments, we
found less than 5% of the dominant filter feeders (Mytilus
edulis and Crassostrea gigas) dead in the ambient treatments.
A further explanation of the reduced Chl a concentration
could be the reduced light availability in the tanks. Although
90% of the photosynthetically active radiation penetrates
the lid, shading effects from the sidewalls of the tanks can-
not be avoided. Nevertheless, the successful simulation of
the first plankton bloom and apparently abundant phyto-
plankton and zooplankton species in the tanks, as well as
settled barnacles and tunicates at the end of the experi-
ments, demonstrates a strong coupling of the mesocosms
and the natural water body of the Wadden Sea. Installing a
pump with a direct pipe, connecting the Wadden Sea and
the mesocosm facility, should reduce the effects of seawater
transport and storage on the Chl a concentration as it is
done in the Kiel Outdoor Benthocosm (KOB) facility (Wahl
et al. 2015). However, without sedimentation tanks the
amount of sediment in the Sylt mesocosms would massively
increase and unintentional change the biogeochemistry of
the water, including the carbonate system.
Furthermore, we found higher growth rates for Fucus vesi-
culosus in our ambient treatments compared with controls in
the field and no signs of light deficiency on the macroalgae
during our experiments. While it is still a tank experiment,
with some confounding factors, we believe that the lower
light availability did not negatively affect the experimental
treatments.
Seawater pH
The daily pH fluctuations during the Spring-2014 experi-
ment ranged up to 0.5 pH units per treatment (NBS scale;
Fig. 7a). This was likely due to the natural photosynthetic
activity and respiration processes of the biotic components
in the tanks (Duarte et al. 2013) with minimum pH values
in the early morning and maximum pH values in the late
afternoon. During the algae bloom of early May, pH reached
its highest values of 8.55. Daily pH fluctuations measured
Fig. 6. Chl a concentration during the Spring-2014 experiment for
every individual mesocosm, the incoming water and field samples.
Fig. 7. Daily fluctuations of pHNBS measured by the multi parameter
measurement system during the Spring-2014 (a) and the Autumn-2014
(b) experiments. pH values shown are hourly means.
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during the Autumn-2014 experiment (Fig. 7b) varied by up
to 0.2 units. This much lower variation compared with the
Spring-2014 experiment was likely due to reduced tempera-
tures (Fig. 8a) and less sunlight available due to the lower
solar angle during that season.
The observed daily fluctuations in seawater pH demon-
strate that the naturally occurring variability observed in the
field (Saderne et al. 2013) can also be simulated in the meso-
cosms experiments (Fig. 7a,b), albeit with slightly reduced
amplitudes. Nevertheless, the important pH fluctuations
could be simulated in our system, which suggests that the
amount of incoming, pre-mixed gas and water was not too
high to buffer the whole biotic activity within the meso-
cosms. Furthermore, extremely high fluctuations arising
from too high biomass-water-ratios were not observed. The
CO2 mixing facility produced stable treatments during the
conducted experiments. The pH within the acid treatments
(1000 ppm pCO2) was consistently 0.2–0.3 pH units lower
compared with the ambient treatment. This is consistent
with the predictions of the fifth ICCP report for the year
2100, where a decreasing pH up to 0.35 units is predicted
(IPCC 2013). After the four experiments, single pH sensors
started to drift and had to be replaced. However, as the CO2
mixing facility acts independently of the pH sensors, the
drifting values did not affect the treatments themselves.
Temperature
Throughout all four experiments in 2013 and 2014, a
minimum temperature of 58C was only observed at the end
of both autumn experiments, in the beginning of December
(Fig. 8a). A maximum temperature of 288C was reached at
the beginning of August 2014 in the warm treatment. Dur-
ing the Summer-2014 experiment, the values were not con-
tinuously logged by the MPMS between the 12th and 26th of
August (Fig. 8a) due to the lightning strike next to the facil-
ity, which damaged the control system.
The yearly (Fig. 8a) and diurnal variations (Fig. 8b) in
water temperature in the Sylt mesocosms accurately followed
the calculation made by the software. A continuous differ-
ence of 58C between the ambient and warm treatments was
maintained with the existing cooling and heating devices at
all time during the experiments. Although the temperature
simulation is very accurate and reliable, we are aware that
even with a lot of adjustments, it only roughly reflects the
temperature conditions in the field. All small-scale in situ
fluctuations are neglected with this type of simulation.
Oxygen
Oxygen concentrations shown here for the Autumn-2014
experiment (Fig. 9) constantly increased from 7.5 mg L21 to
9.25 mg L21 and from 8.0 mg L21 to 10.25 mg L21 in the
ambient and the warm1 acid treatment, respectively. This is
most likely due to decreasing water temperatures during the
experiment. The difference between ambient treatment and
warm treatments, was consistently highest about 1.0 mg L21
due to the 58C difference in temperature. Biotic activity, as
seen for pH values, induced diurnal variations in oxygen
Fig. 8. Daily mean temperatures measured by the multi parameter
measurement system during the four experiments in 2013 and 2014
including field temperatures (a) and diel fluctuations of water tempera-
tures (means per hour) during the Spring-2014 experiment (b). The
lines of ambient (blue) and acid treatments (green) as well as those of
warm (red) and warm1 acid (orange) treatments are overlapping due
to the same temperature regimes, the right y-axis was therefore shifted
downward by 1.58C (b).
Fig. 9. Daily fluctuations of dissolved oxygen concentrations measured
by the multi parameter measurement system during the Autumn-2014
experiment in an ambient and a warm treatments. The oxygen values
shown are means per hour.
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concentrations in the tanks, with an increase of oxygen
from dawn to the late afternoon, followed by a decrease
until the next morning. We never found any evidence for
anoxic conditions in the mesocosms during the conducted
experiments.
Salinity
The salinity, here shown for the Autumn-2014 experi-
ment measured by the MPMS showed only marginal differ-
ences between the different treatments (Fig. 10). The salinity
fluctuations within the experiment ranged from 28.2 to
29.3.
Nutrients (PO324 , Si and, NO
2
3 )
During the 24 h sampling campaign of December 2014,
we took nutrient samples every 2 h. Figure 11 shows the
concentration of PO324 , Si and ; NO
2
3 during that period. It
illustrates the addition of nutrients (red and green lines) at
around 3 pm, followed by a strong increase in the concentra-
tions until 5 pm with a gradual subsequent decrease. Part of
the added nutrients was likely washed out due to the water
flow through while the rest was reduced by the biota in the
tanks. The treatments without the addition of nutrients
(orange and blue lines) stayed constant over the 24 h (Fig.
11a–c).
Conclusions and perspectives
The great potential of mesocosm studies to acquire new
knowledge in the context of climate change and its conse-
quences is well known and a reason for the increasing num-
ber of new mesocosm facilities worldwide (Stewart et al.
2013). Understanding the complex correlations between abi-
otic factors, biodiversity dynamics, and ecosystem processes
is crucial to gain knowledge on possible shifts in the func-
tioning of ecosystems (Loreau et al. 2001). This requires an
experimental design, which is controllable, near natural, rep-
licable and feasible at the same time, and based at the com-
munity level.
The few transportable pelagic mesocosm facilities that
exist allow conducting the same experiments in different
aquatic systems around the world (Mostajir et al. 2013; Rie-
besell et al. 2013). For benthic systems, however, such trans-
portable facilities do not exist. Nevertheless, to reliably
predict the consequences of future ecosystem changes, it
remains essential to investigate the impact of future changes
in the different systems under natural conditions, elucidat-
ing local as well as generic patterns in the response to these
changes. For the Baltic Sea, a similar system compared with
the Sylt mesocosms exists already at the GEOMAR in Kiel
(Germany). The KOB system consists of six rectangle tanks,
with a direct water supply, a hood for each tank and works
as well with benthic communities under environmental
stress. It did not have a tidal simulation system but a wave
generator (Wahl et al. 2015). However, for the Wadden Sea
such mesocosm system did not exist before.
The Wadden Sea along the coasts of Germany, Denmark
and the Netherlands is one of the most productive marine
Fig. 10. Fluctuations in salinity during the Autumn-2014 experiment
with the four different treatments. Shown are means per day.
Fig. 11. Nutrient measurements during a 24 h sampling campaign
during the Autumn-2014 experiment for (a) PO324 , (b) Si and
(c), NO23 .
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ecosystems in the world and home to numerous plant and
animal species but, at the same time, a heavily used recrea-
tional area for humans. It is one of the largest, coherent tidal
flat area systems in the world and serves as nursery ground
for fish and shrimps as well as important feeding ground for
millions of migrating birds (Reise et al. 2010). That is why it
is important to investigate the response of this exceptional
system to future changes and this can be done with this new
mesocosm facility.
The mesocosms at the AWI Wadden Sea Station were effec-
tively running during the four experiments with good func-
tionality of all components, it therefore can be recommended
as a tool for a variety of experiments in the field of marine
biology. Monitoring and controlling the physico-chemical
conditions is one of the most important features for climate
change experiments. This is done in several comparable, but
still different ways (Mostajir et al. 2013; Riebesell et al. 2013;
Leblud et al. 2014; Wahl et al. 2015). The MPMS of the Sylt
mesocosms is very adaptable, as it can be equipped for differ-
ent experimental approaches with further sensors (e.g., turbid-
ity, chlorophyll, ammonium, nitrate or chloride). The newly
developed tidal simulation system works well and provides
new possibilities for mesocosm experiments in coastal systems
and tidal areas. It is an important additional feature for near
natural mesocosm experiments and not existing in this way in
any other mesocosm facility worldwide.
Numerous different types of mesocosm facilities exist,
each made with special features for a specific purpose. The
targeted purpose of this facility are climate change experi-
ments with benthic communities in tidal areas, but there are
far more possibilities for applications. In addition to investi-
gate benthic assemblages, it is possible to investigate pelagic
systems with this facility. Although the water depth is only
80 cm, one can test the response of planktonic species to
increasing temperatures, acidification or nutrient enrichment
as it has been done with comparable mesocosm facilities
(Kim et al. 2006; Lewandowska et al. 2014; Paul et al. 2015).
The round design of the tanks is favourable for experiments
with smaller fish species, juvenile fish, fish larvae or jellyfish,
compared with rectangle shaped tanks where it is hard to
produce circular flows. Additionally further stressors or stress
combinations can be applied, such as deoxygenation,
changes in salinity, changes in turbidity or heat waves. In
addition to simulate the tides, it is possible to mimic future
sea level rise scenarios with an adjustment of the tidal simu-
lation system. Investigations with non-native species are pos-
sible, but they have to be run without a flow-through mode
or with an appropriate treatment of the wastewater to avoid
an introduction of new species into the Wadden Sea.
So far, the system works with estimated temperatures, cal-
culated by the software, which does not reflect exactly the
conditions in the field. To achieve a higher parallelism with
field conditions, including natural small-scale fluctuations,
which have the potential to modulate environmental stress
(Dufault et al. 2012; Cornwall et al. 2013; Wahl et al. 2015),
we suggest installing additional sensors in the field. These
would continuously transmit the measured values to the sys-
tem to improve the simulation of field conditions in the
tanks. Direct water supply has great advantages and should
be favoured for such experiments (Wahl et al. 2015), but was
not possible to build for our system. This adjustment could
be considered for future experiments, which focus on small-
scale fluctuations of the system. The total costs for the Sylt
mesocosms without maintenance and personnel expenses
were around 250 K Euro.
The innovations introduced by this facility are the simul-
taneous control of the important environmental parameters,
the manipulation of multiple stressors, their combination
with a newly developed tidal simulation system, and the
capability to conduct experiments with inshore benthic
communities.
References
Campbell, J. E., and J. W. Fourqurean. 2011. Novel method-
ology for in situ carbon dioxide enrichment of benthic
ecosystems. Limnol. Oceanogr.: Methods 9: 97–109. doi:
10.1007/s00227-013-2199-3.
Cornwall, C. E., and others. 2013. Diurnal fluctuations in
seawater pH influence the response of a calcifying macro-
alga to ocean acidification. Proc. R. Soc. B. 280:
20132201. doi:10.1098/rspb.2013.2201
Derous, S., and others. 2007. A concept for biological valua-
tion in the marine environment. Oceanologia 49: 99–128.
Dickson, A. G., J. D. Afghan, and G. C. Anderson. 2003. Ref-
erence materials for oceanic CO2 analysis: A method for
the certification of total alkalinity. Mar. Chem. 80: 185–
197. doi:10.1016/S0304-4203(02)00133-0
Duarte, C. M., I. E. Hendriks, T. S. Moore, Y. S. Olsen, A.
Steckbauer, and L. Ramajo. 2013. Is ocean acidification an
open-ocean syndrome? Understanding anthropogenic
impacts on seawater pH. Estuaries Coasts 36: 221–236.
doi:10.1007/s12237-013-9594-3
Dufault, A. M., V. R. Cumbo, T. Y. Fan, and P. J. Edmunds.
2012. Effects of diurnally oscillating pCO2 on the calcifi-
cation and survival of coral recruits. Proc. R. Soc. B 279:
2951–2958. doi:10.1098/rspb.2011.2545
Field, C. B. 2014. Climate change 2014: Impacts, adaptation, and
vulnerability. Part B, Regional aspects. Cambridge Univ. Press.
Harley, C. D., and others. 2006. The impacts of climate
change in coastal marine systems. Ecol. Lett. 9: 228–241.
doi:10.1111/j.1461-0248.2005.00871.x
Hendriks, I. E., C. M. Duarte, and M. Alvarez. 2010. Vulner-
ability of marine biodiversity to ocean acidification: A
meta-analysis. Estuar. Coast. Shelf Sci. 86: 157–164. doi:
10.1016/j.ecss.2009.11.022.
IPCC 2013. Climate change 2013: The physical science basis.
Contribution of working group I to the 5th assessment
Pansch et al. Marine benthic mesocosm facility sylt
10
report of the Intergovernmental Panel on Climate
Change. Edited by T. F. Stocker, D. Qin, G. -K. Plattner,
M. Tignor, S. K. Allen, J. Boschung, A. Nauels, Y. Xia, V.
Bex, and P. M. Midgley, Cambridge Univ. Press, Cam-
bridge, U. K.
Kim, J. M., and others. 2006. The effect of seawater CO2 con-
centration on growth of a natural phytoplankton assem-
blage in a controlled mesocosm experiment. Limnol.
Oceanogr. 51: 1629–1636. doi:10.4319/lo.2006.51.4.1629
Kowalski, N., and others. 2009. Trace metal dynamics in the
water column and pore waters in a temperate tidal sys-
tem: Response to the fate of algae-derived organic matter.
Ocean Dyn. 59: 333–350. doi:10.1007/s10236-009-0192-7
Leblud, J., L. Moulin, A. Batigny, P. Dubois, and P. Grosjean.
2014. Technical Note: Artificial coral reef mesocosms for
ocean acidification investigations. Biogeosci. Discuss. 11:
15463–15505. doi:10.5194/bgd-11-15463-2014
Lewandowska, A. M., D. G. Boyce, M. Hofmann, B.
Matthiessen, U. Sommer, and B. Worm. 2014. Effects of
sea surface warming on marine plankton. Ecol. Lett. 17:
614–623. doi:10.1111/ele.12265
Loreau, M., and others. 2001. Biodiversity and ecosystem
functioning: Current knowledge and future challenges.
Science 294: 804–808. doi:10.1126/science.1064088
Mine Berg, G., P. M. Glibert, and C.-C. Chen. 1999. Dimen-
sion effects of enclosures on ecological processes in
pelagic systems. Limnol. Oceanogr. 44: 1331–1340. doi:
10.4319/lo.1999.44.5.1331
Mostajir, B., and others. 2013. A new transportable floating
mesocosm platform with autonomous sensors for real-
time data acquisition and transmission for studying the
pelagic food web functioning. Limnol. Oceanogr.: Meth-
ods 11: 394–409. doi:10.4319/lom.2013.11.394
Paul, C., B. Matthiessen, and U. Sommer. 2015. Warming,
but not enhanced CO2 concentration, quantitatively and
qualitatively affects phytoplankton biomass. Mar. Ecol.
Prog. Ser. 528: 39–51. doi:10.3354/meps11264
Petersen, J. E., and G. M. Berg. 2009. Enclosed experimental
ecosystems and scale: Tools for understanding and man-
aging coastal ecosystems. Springer.
Reise, K., and others. 2010. The Wadden Sea—a universally
outstanding tidal wetland, p. 7–24. In Wadden Sea Ecosys-
tem No. 29. Common Wadden Sea Secretariat, Wilhelms-
haven, Germany.
Riebesell, U., and others. 2013. Technical Note: A mobile
sea-going mesocosm system—new opportunities for ocean
change research. Biogeosciences 10: 1835–1847. doi:
10.5194/bg-10-1835-2013
Ryther, J. H. 1956. Photosynthesis in the ocean as a function
of light intensity. Limnol. Oceanogr. 1: 61–70. doi:
10.4319/lo.1956.1.1.0061
Saderne, V., P. Fietzek, and P. M. Herman. 2013. Extreme
variations of pCO2 and pH in a macrophyte meadow of
the Baltic Sea in summer: Evidence of the effect of photo-
synthesis and local upwelling. PLoS One 8: e62689. doi:
10.1371/journal.pone.0062689
Stewart, R. I. A., and others. 2013. Mesocosm experiments as
a tool for ecological climate-change research. Adv. Ecol.
Res. 48: 71–181. doi:10.1016/B978-0-12-417199-2.00002-1
Wahl, M., and others. 2011. Stress ecology in fucus: Abiotic,
biotic and genetic interactions. Adv. Mar. Biol. 59: 37–
105. doi:10.1016/B978-0-12-385536-7.00002-9
Wahl, M., and others. 2015. A mesocosm concept for the
simulation of near-natural shallow underwater climates:
The Kiel Outdoor Benthocosms (KOB). Limnol. Oceanogr.:
Methods. 13: 651–663. doi:10.1002/lom3.10055.
Walther, G.-R. 2010. Community and ecosystem responses
to recent climate change. Philos. Trans. R. Soc. B 365:
2019–2024. doi:10.1098/rstb.2010.0021
Wernberg, T., D. A. Smale, and M. S. Thomsen. 2012. A dec-
ade of climate change experiments on marine organisms:
Procedures, patterns and problems. Glob. Change Biol.
18: 1491–1498. doi:10.1111/j.1365-2486.2012.02656.x
Winde, V., M. E. B€ottcher, P. Escher, P. B€oning, M. Beck, G.
Liebezeit, and B. Schneider. 2014. Tidal and spatial varia-
tions of (DIC)-C-13 and aquatic chemistry in a temperate
tidal basin during winter time. J. Mar. Syst. 129: 396–404.
doi:10.1016/j.jmarsys.2013.08.005
Yvon-Durocher, G., and A. P. Allen. 2012. Linking commu-
nity size structure and ecosystem functioning using meta-
bolic theory. Philos. Trans. R. Soc. B 367: 2998–3007. doi:
10.1098/rstb.2012.0246
Acknowledgments
The authors wish to thank 4h-Jena Engineering GmbH for their help
during design and construction of the mesocosm facility and later sup-
port during the experiments. We are grateful to Rene Gerrits and Petra
Kadel for their indispensable support during mesocosm construction and
the experiments. AP wants to thank Christian Pansch for his support dur-
ing the writing process. The scientific work is a contribution to the BIOA-
CID Project Phase II, funded by the German Federal Ministry of
Education and Research (BMBF; FKZ 03F0655B).
Submitted 30 July 2015
Revised 4 December 2015
Accepted 14 December 2015
Associate editor: George Waldbusser
Pansch et al. Marine benthic mesocosm facility sylt
11
